show that heterozygous loss of AQP0 is sufficient to trigger cataractogenesis in mice and suggest that this major intrinsic protein is required for optimal focusing of the crystalline lens.
INTRODUCTION
The crystalline lens is an ocular component of high transparency and refractive index that is responsible for variable focusing of light rays onto the photosensitive retina. In vertebrates, the lens develops from a patch of head ectoderm that invaginates to form a hollow epithelial vesicle within the embryonic eye (1) . Postmitotic cells at the posterior of the vesicle elongate to fill the cavity with primary fibers forming the embryonic lens.
The anterior monolayer of epithelial cells retains lifelong mitotic capacity and, subsequently, the lens continues to grow by laying down concentric shells of secondary fibers that elongate from epithelial cells within the germative zone at the lens equator.
The most abundant cell surface marker of this terminal differentiation process is a hydrophobic, transmembrane polypeptide of molecular mass ~26 kDa (2) encoded by the gene for major intrinsic protein (MIP). Remarkably, MIP is the charter member of a sequence-related gene family encoding over 150 channel proteins that facilitate the transport of water (aquaporins) and glycerol (aquaglyceroporins) across the plasma membranes of microbial, plant and animal cells (3) . Significant water (but not glycerol) transport has been attributed to MIP in lens fiber cell membranes (4) and this pH and calcium sensitive water channel (5) is commonly referred to as aquaporin-0 (AQP0).
Of the nine other aquaporin genes identified in mammals, at least six (AQP1-4, 6 and 7)
are expressed in the kidney (6) , an organ largely devoted to high rates of active fluid transport. Aquaporins are also widely expressed in non-renal tissues (6) , including red blood cells (AQP1) lung (AQP5), gastrointestinal tract (AQP6), liver (AQP9) brain 4 (AQP4), skeletal muscle (AQP4), secretory glands (AQP5) and eye (AQP0, 1 and 3-5).
Consistent with the complex tissue distribution of water channels, the first reports of aquaporin gene mutations have displayed diverse phenotypes. In humans, recessive mutations in AQP1 were associated with loss of the Colton blood group in otherwise normal individuals (7) , whereas, mutations in AQP2 resulted in recessive (8) and dominant (9) forms of nephrogenic diabetes insipidus, an inability to concentrate urine. Dominant mutations in the gene for AQP0 have been associated with lens opacities, or cataracts, in humans (10) and mice (11) (12) (13) . In addition, a number of aquaporin deletion mice have been generated by targeted gene disruption through homologous recombination. Such mice lacking AQP1 (14) , AQP2 (15) , AQP3 (16) , or AQP4 (17) suffered mild (AQP4) to severe (AQP2) polyuria and dehydration following water deprivation, whereas, AQP5 deletion resulted in impaired saliva secretion (18) .
Significantly, heterozygous loss of these water channels was not sufficient to produce an obvious phenotype. In order to determine the impact of AQP0 deficiency on lens function, we have generated AQP0 deletion mice using a gene trapping strategy (19) that allows random targeting of genes in embryonic stem (ES) cells.
METHODS
Gene-trap mice. Mouse ES cells, derived from a 129S5 strain background, were transduced with a recombinant retroviral construct for gene-trapping (VICTR20) followed by puromycin selection of resistant clones to produce the OmniBank library of retrovirally mutagenized ES cell lines (19) . VICTR20 (Fig. 1a) contains a sequence acquisition component consisting of the murine phosphoglycerate kinase-1 promoter, which is active in ES cells, fused to the puromycin N-acetyltransferase gene coding sequence that lacks a polyadenylation signal but is followed by a synthetic consensus splice donor sequence (PGKpuroSD). Puromycin resistant ES cells resulted from splicing of PGKpuroSD to downstream exons of a trapped gene and addition of a polyadenylation signal producing a fusion transcript containing puro sequences at the 5′ end and sequences from the trapped gene at the 3′ end. Total RNA was extracted from puromycin-resistant ES cells with RNAzol (Tel-Test), then reverse transcribed into cDNA and screened for the presence of the puro-gene-trap transcript using 3′ rapid amplification of cDNA ends (3′ -RACE) and direct sequencing using the OBS sequencing primer (19) . One mutant ES cell-line, identified by an OmniBank sequence tag (OST1231), matched the known Aqp0 sequence beginning in the second exon (http://omnibank.lexgen.com). Chimeric mice were derived from injections of OST1231 ES cells into C57BL/6J-Albino host blastocysts, and heterozygous mice from breeding high-contribution male chimeras to wild type C57BL/6J-Albino females. All intercrosses among heterozygous and homozygous animals were in a hybrid 129S5/C57BL/6J-Albino background. Mice were barrier-housed in 12hr light and dark cycles with free access to 6 food and water in accordance with the animal studies regulations at Washington University. Mice were killed by CO 2 asphyxiation followed by cervical dislocation or decapitation. Eyes were enucleated from age-matched littermates and lenses dissected in phosphate buffered saline (PBS) at 37°C then photographed under a dissecting microscope (Zeiss, Stemi 2000). Prior to wet-weight measurements, individual lenses were gently rolled on PBS soaked tissue paper to remove remnants of ciliary-body epithelium from the equatorial region. Pre-weighed lenses were then dried to constant weight in a vacuum oven at 60°C as described previously (20) , then re-weighed.
PCR and sequence analyses. The position of VICTR20 insertion within the Aqp0 gene was determined by PCR amplification of DNA fragments flanking the LTRs. Genomic DNA from tail biopsies of heterozygotes (1.0 µg) was diluted to 10 µl with water, denatured at 96°C for 3 minutes, and then held at 80°C. PCR master mix (40 µl) was added and amplification was initiated. The final concentration of each PCR component was as follows; 1X PCR buffer (50 mM Tris-HCl, 15 mM ammonium sulfate [pH 9.3]), 2.5 mM MgCl 2 , 0.1% Tween 20, 500 µM dNTPs, 5% DMSO, 0.5 µM VICTR20 specific primer (19) , 0.5 µM Aqp0 specific primer (Table 1 ) and 0.05 units/µl of AccuTaq LA DNA Polymerase (Sigma). Amplification cycle conditions were as follows: denaturation at 96 °C for 40 seconds, annealing and extension at 68°C for 6 minutes repeated for 30 cycles. A final extension time of 12 minutes was also included. Nested PCR was conducted with 3.0 µl of a 100-fold dilution of the primary PCR sample using nested VICTR20 and Aqp0 specific primers ( Table 1 ). The nested reaction composition and cycle parameters were the same as for the primary PCR. DNA fragments obtained in these amplification reactions were sequenced directly using the OBS sequencing primer (19) . The orientation and sequence of VICTR20-specific and Aqp0-specific primers used for PCR amplification are shown in Fig. 1A β-Galactosidase activity. Embryos from wild type females crossed with heterozygous males were collected at 12-13 days-post-coitus (dpc), fixed in 2% paraformaldehyde 0.2% glutaraldehyde (wt:vol in PBS) then stained with X-gal (5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside) essentially as described previously (21) and photographed under a phase contrast microscope. In addition, fixed lenses were sectioned as described below and stained using the GAL-S β-galactosidase reporter gene staining kit (Sigma).
In situ hybridization. Whole mount in situ hybridizations were performed essentially as detailed previously (22) . Briefly, embryos (~13dpc) were fixed (2hr at 4°C) in paraformaldehyde (4% wt:vol in PBS), permeabilized in 0.1% Tween/PBS (PBST), dehydrated in methanol and stored (-20°C). After re-hydration, fixed embryos were digested with proteinase K (20 µg/ml in PBST) and re-fixed in 4% paraformaldehyde/0.2% glutaraldehyde. Following pre-hybridization (50% formamide, 1hr at 63°C), embryos were hybridized (16 hr, 63°C) with a digoxigenin-UTP labeled cRNA probe, derived from a 470bp fragment (nt 293-763) of mouse Aqp0 cDNA (GenBank Accession no. U27502), as described by the kit manufacturer (Roche Biochemicals). Following RNase treatment (100 µg/ml, 37°C), embryos were incubated (16 hr, 4°C) with digoxigenin antibody coupled to alkaline phosphatase then stained (16 hr, dark) with nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indol phosphate (BCIP) in the presence of levamisole (2mM).
Northern blot analysis. Total RNA was extracted from multiple tissues from 8-week old littermates, representing each of the three genotypes, using RNAzol (Tel-Test). RNA (~10ug) was separated on 1% agarose-formaldehyde denaturing gels, transferred to nylon and probed at high stringency, essentially as described previously (23) , with the 277bp PCR product amplified from genomic DNA by primers Mip.4 and Mip.5 (Table 1) antibody (Chemicon) using a Mini Protean II system (Bio-Rad) and enhanced chemmiluminescence (ECL) detection reagents (APBiotech) as described previously (12) .
Immunofluorescence microscopy. Embryo eyes at 15.5 dpc were fixed in 4% paraformaldehyde, embedded in agar then sectioned (50-100 µm) using a vibratome as described previously (12) . Sections were permeabilized with Triton X-100, incubated with either polyclonal AQP0 antibody (Chemicon) followed by fluorescein-conjugated goat anti-rabbit immunoglobulin G (Sigma) or Texas Red-phalloidin (Molecular Probes),
an F-actin-specific probe, as described previously (24) . Stained sections were then viewed on a laser scanning confocal microscope (Zeiss LSM410).
Water permeability measurements. Lens fiber cell vesicles were incubated in hypertonic saline (450 mM) and the rate of shrinkage imaged by digital video microscopy as described previously (4) . The presence or absence of AQP0 in vesicle preparations was confirmed by immunofluorescence as described previously (4). Statistical calculations to determine if significant differences were present between the average BFL and BFLV were carried out using a t-test for samples of independent types. A probability value of at least p ≤ 0.05 was considered significant.
Optical quality analysis.

RESULTS
Gene trapping of Aqp0. The gene trap construct (VICTR20) was designed such that the trapping genes are transcriptionally oriented in the opposite direction to that of its retroviral vector (19) . Therefore, sequences flanking the 3′ -LTR of VICTR20 would be the most 5′ relative to the mouse AQP0 gene (Aqp0, Mip), which is organized into four exons ( Figure 1A ). The Omnibank sequence tag (OST) 1231, derived from 3′ -RACE analysis of heterozygous mutant ES cells (http://omnibank.lexgen.com), began in the second exon of Aqp0, indicating that the gene trap event had occurred in either the first intron or the first exon of the gene. To confirm that the retrovirus was integrated into the 5′ -end of Aqp0, a genomic DNA fragment adjacent to the 3′ -LTR of VICTR20 was amplified from OST1231 ES cells using nested primer pairs (Table 1) To confirm that the insertion of VICTR20 generated a null allele, we compared the level of Aqp0 transcripts and translation products in wild type and mutant progeny. Northern blot analysis ( Figure 1D ) detected characteristic Aqp0 transcripts of ~2.2 kb and ~1.2 kb specifically in eye derived RNA from wild type mice. Aqp0 transcript levels in heterozygous mutants were reduced relative to wild type levels and no Aqp0 transcripts were detected in homozygous mutants. Similarly, immunoblot analysis of lens homogenates ( Figure 1E ) detected reduced levels Aqp0 antigen (M r ~26 kDa) in heterozygous mutants but no such protein was detected in homozygous mutants.
Embryonic expression of the Lac Z reporter gene and Aqp0. In the mutant Aqp0 allele, splicing was predicted to occur between a cryptic splice-donor site in the 3′ -LTR and the splice-acceptor (SA) site in the gene trap vector ( Figure 1A) . Consequently, the Aqp0 promoter was positioned to drive transcription of the adjacent β-geo reporter gene, which codes for a bifunctional translational fusion between β-galactosidase and neomycin phosphotransferase (19) . Thus, to monitor Aqp0 promoter activity in situ we used X-gal staining of whole mount embryos at 12-13 dpc (Figure 2 ). β-galactosidase activity was detected in the lens and periocular tissue, within ~1hr of incubation in the X-gal substrate ( Figure 2A ). On longer incubation β-galactosidase activity was also visible in the rib cage and nasal regions (Figure 2A ). Within the lens, β-galactosidase activity was restricted to fiber cells and absent from anterior and equitorial epithelial cells ( Figure 2C ).
To correlate transcription of Aqp0 with that of the β-galactosidase reporter gene, we used in situ hybridization analysis of whole mount embryos at 13 dpc. Figure 2D shows that the Aqp0 probe hybridized strongly in the lens but not in the periocular or nasal regions of the wild type embryo. Similarly, Aqp0 hybridization was not detected in the wild type rib regions that were β-galactosidase positive in Aqp0 -/-embryos (data not shown).
Although we cannot exclude the possibility that the Aqp0 hybridization probe did not adequately penetrate the embryo to stain the ribs, the lack of superficial periocular hybridization indicated that the non-lens β-galactosidase activity in Aqp0 +/-embryos ( Figure 2A ) did not recapitulate expression of the endogenous gene.
To further evaluate Aqp0 translation in situ we performed immunofluorescence confocal microscopy on embryonic (13-15 dpc) lens sections with AQP0 antibody. Specific and intense immunostaining of fiber cell plasma membranes was detected in the wild type lens ( Figure 3A) . A similar pattern of fiber cell immunostaining was detected in Aqp0 However, phalloidin staining of the actin cytoskeleton confirmed that irregular, fiber-like cells had elongated toward the poles of the Aqp0 -/-lens ( Figure 3D ). (n > 50) progeny examined.
To further evaluate Aqp0 deficient pathology, lenses were excised at three weeks of age (P21) and photographed under warm media to prevent the formation of ambient temperature induced ('cold') opacities. Compared with wild type and Aqp0 +/-lenses,
Aqp0
-/-lenses were more fragile and prone to rupture during dissection from the eye.
When viewed from the anterior or posterior poles under oblique illumination, the P21 Aqp0 +/-lens ( Figure 4B ) displayed an abnormal transparent zone of light refraction that was not present in the wild type lens ( Figure 4A ). This optically disturbed zone resembled patterned-glass and extended from the central core or nucleus into the peripheral cortex of the lens. Similar illumination of the P21 Aqp0 -/-lens revealed dense polymorphic opacities surrounded by vacuolated and translucent regions of light scattering ( Figure 4C ).
Water content and permeability of the Aqp0 deficient lens. Wet and dry weight
measurements were used to determine the water content of age-matched (P21) lenses.
Mean wet weight values (± SEM) increased from 3.09 ± 0.05 mg for wild type lenses (n = (Fig. 4) .
To determine the osmotic water permeability (P f ) of Aqp0 deficient lenses we measured the shrinkage rate of fiber cell membrane vesicles in response to osmotic challenge (300 mM to 450 mM saline) in vitro. For vesicle preparation, we chose age-matched lenses at 3-4 weeks of age (P21-P28) in order to obtain sufficient non-degraded cortical fiber cell membrane material for study. Figure 5 shows that the P f values decreased from 39 ± 11 µm/s in wild type vesicles (n = 9), to 18 ± 5 µm/s in Aqp0 +/-vesicles (n = 6) and to 8 ± 3
µm/s in Aqp0 -/-vesicles (n = 16), representing decreases of ~54% and ~80% respectively. Optical quality of the Aqp0 deficient lens. To evaluate the optical quality of the Aqp0 deficient lens we used a low power helium-neon laser scanning monitor system to measure the average back focal length (BFL), which is a measure of longitudinal spherical aberration, and the back focal length variability (BFLV), which is a measure of focusing power as a function of internal structure (26) . In order to obtain lenses large enough (>2mm diameter) to permit multiple passes of the laser we chose age-matched mice at 5-6 months of age. Consequently we were unable to obtain valid data for Aqp0 -/-lenses, as they were almost totally opaque at this age. Figure 6 shows representative laser scan profiles from age-matched wild type and Aqp0 +/-lenses. It was readily apparent that laser beams passed through wild type lenses came to a sharper focus than those passed through Aqp0 +/-lenses. Results of statistical analysis (t-tests for independent groups of lenses) quantifying the differences between average BFL and BFLV of wild type versus Aqp0 +/-lenses (Table 2) confirmed that optical quality (sharpness of focus) was significantly degraded in the latter.
DISCUSSION
Two aquaporins have been detected in the crystalline lens. AQP1 is confined to the mitotic epithelial cell layer that lines the anterior surface (27) , whereas, AQP0 is characteristic of the terminally differentiated fiber cells (28) that constitute the bulk of the lens mass. Although AQP1 is at least 10-fold more active as a water channel than its fiber cell counterpart (5), no spontaneous lens pathology has been associated with AQP1 deficiency in humans (7) or mice (14) . In this study, we have shown that AQP0 accounts for ~80% of the water permeability of mouse lens fiber cell plasma membranes and that heterozygous loss of this major intrinsic protein is sufficient to compromise lens transparency. These observations suggest that while the lens can compensate for loss of AQP1 function there is no such redundancy for AQP0 deficiency.
The relative loss of water permeability recorded in Aqp0 +/-mouse lenses was similar in magnitude to that measured in the kidney proximal tubules of Aqp1 +/-mice (14) . This loss of AQP0 function was further associated with a significant reduction in the focusing power of the Aqp0 +/-lens compared with wild type. The precise role of water transport in the lens is unclear. One hypothesis has proposed that a microcirculation of electrolytes throughout the avascular lens may be coupled to water flow (29) . Moreover, significant growth-related changes in water content have been associated with maintaining lens optical quality (30, 31) . Thus, as new fibers are added at the lens equatorial cortex they undergo a maturation process that gradually removes water and increases the concentration of the transparent cytoplasmic proteins, or crystallins. Consequently, the refractive index of the lens nucleus is significantly higher than that of the peripheral cortex. Thus, by acting as a conduit for fiber cell dehydration, it is conceivable that AQP0 may play a role in establishing the refractive index of the crystalline lens.
The sheer abundance of AQP0 in fiber cells also raises the possibility that this comparatively inefficient water-channel has been recruited to share some other function(s) in the lens. Ultrastructural studies have indicated that AQP0 can form specialized contacts between mature fibers within the lens nucleus (32, 33) . Furthermore, recent crystallographic studies have detected tongue-and-groove contours on the extracellular surface of reconstituted AQP0 tetramers that may facilitate fiber cell adherence in the lens (34) . Normally, the uniform hexagonal shaped fiber cells, interfaced on all six sides with comparable fiber cells, are arranged into highly ordered and very closely apposed radial cell columns and growth shells (35) . The elimination of extracellular space between fibers is considered an essential part of transforming the lens into a series of coaxial refractive surfaces (36) . Thus, it is also possible that AQP0 deficiency results in an increased extra-cellular space between fiber cells, leading to a loss of proper fiber cell shape, size and order necessary for lens optical quality. The generation of Aqp0 deficient mice reported here has provided a valuable model system to further elucidate the vital role(s) of this major intrinsic protein in lens structure and function. 
